Introduction
Stability analysis of earth slopes is one of the major issues raised in Geo-Engineering, which attracted the attention of so many researchers in different parts of the world. When stability of an earth slope is conjecture, taking preventive measures before instability happens is necessary. The first act to maintain the stability of an earth slope is to perform excavation of slope crest and/or filling of slope toe [1] . This is the economic approach for stabilization of slopes. If the model cannot provide the demanded safety factor, it will be necessary to apply other stabilization methods. Numerical and experimental methods are useful for modeling earth slopes stabilization.
Modeling the stability of earth slopes using numerical methods is a common practice in GeoEngineering. Moreover, stabilization of earth slopes was practiced by many researchers using numerical and analytical methods. Although numerical and analytical methods have special capabilities, experimental modeling is more reliable to be discussed in this article.
Poulos [2] used the LE method to evaluate slopes stabilization by piles. Poulos [2] deduced that the best location to install piles is near the core of wedge failure. Lee et al. [3] introduced a simple method, which uses a row of piles for stabilization of earth slopes. This approach, separately considers pile reaction and stability of slope. Hassiotis et al. [4] used the developed friction circle method and Ito and Matsui [5] and Ito et al. [6] [7] methods to stipulate that piles must be placed near the slope crest, in order that maximum factor of safety (FS) can be achieved.
Cai and Ugai [8] also used the 3D FEM to prove that the by installing piles on the center of the slope, maximum factor of safety achieved. Ausilio et al. [9] adopted a kinematic limit analysis method to analysis slopes stability. They showed that because of the required force by the pile to bear is minimum in vicinity of toe; therefore, the most effective location for installation of piles is near the slope toe. Won et al. [10] used FLAC 3D software to prove that the best place for installation of piles is in the slope middle, which receives the maximum pressure. Nian et al. [11] also carried out a limit analysis, which indicated that the most effective location to install piles is the vicinity of slope toe. The reason is that since required forces for increasing the safety factor are the least near the toe of slope. The researchers perceived that the best location for installation of pile in sandy-soil is in the slope middle and for clays is the vicinity of the crest [1] . The researchers also showed that if the slope is composed of sandy-soil, shallow failure takes place in the slope, and it begins from the near of crest. The center of the failure surface reaches the middle of the slope; therefore, the best location of pile is the vicinity of slope middle.
Nevertheless, clayey slope, experience deep rupture and the slope failure surface finds away from the crest [1] . As a result, the extent between the failure surface center and the slope middle, increases and the optimal location situates far from the slope middle. Xinpo et al. [12] optimized the pile location using a combination of limit analysis method and theories proposed by Ito and
Matsui [5] and Ito et al. [6] [7] . They indicated that the best location of pile is in near of slope toe, where the pile represents the least force to achieve the required safety factor. The result complies with the findings of Ausilio et al. [9] . Previous studies suggest that there is no consensus about the methods proposed for determining the optimal location for pile installation. For instance, numerical analyses consider the middle of the slope to be the optimal location for pile installation while the combination of limit equilibrium method (LEM) and equations introduced by Ito and Matsui [5] and Ito et al. [6] [7] consider the proximity of the slope crest the optimal location. On the other hand, the limit analysis method also suggests that the optimal location for pile installation is near the slope toe. Use of stone/concrete columns on various issues of geotechnical engineering is common [13] [14] [15] . Stability analysis of earth slopes conducted by many researches [16] [17] [18] [19] in 2D and 3D by some researchers [20] .
In the present article, the optimal pile (stone column) location for slope stabilization is determined by conducting experimental studies of a two-layer sand slope saturated throughout precipitation. The resultant failure mechanism leads to acceptable results that help choose the best location for pile installation. The slope stabilized by recapitulate tests and installing the stone column in the best place, which is the optimal location to install the stone column. The 3D
FD method was used to confirm the experimental tests as well.
Account of Experimental Tests
In this section are described account of experimental tests and types of models.
Experimental Tank
The test box used for modeling slopes can be seen in Fig.1 . It has a length of 180 cm, a height of 60 cm, and a width of 20 cm. In order to omit the excessive resistance caused by the tank, its wall was covered with oil before building the model. Moreover, high resolution camcorders were used to track record all incidents.
Slope Modeled in Tank
The slope built in the experimental test contains two layers of sandy soil. Fig. 2 .
Stone Column Materials
Stone column materials ( 
Test Method
The test slopes are made of two layers of sand soil with different unit weights. The name of soil based on the unified classification system is well graded sand (SW). The unit weight of the lower layer is also less than that of the upper layer. In order to obtain the desired unit weight, a specific volume of soil is placed into a tank with a specific volume in the form of layers. The thickness of the lower layer is 15 cm and the slope angle is 45 degrees (Fig. 4) .
The test models are as follows: (1) 
First Model; slope without stone column
In this section, slope stability is measured without using a stone column. The slope is shown in Fig. 6 . The model is subjected to artificial precipitation (Fig. 7) . One hour and ten minutes after the precipitation, a tiny crack emerged near the middle of the slope. The crack deepened over time and after one hour and twenty minutes a deep crack, with a depth of about 4.5 cm (Fig. 8) emerged in the middle of the slope. Finally, the slope experienced failure after one hour and forty minutes ( Fig. 9 ). Fig. 10 shows the position of the crack which points to x/r=0.5. Variations of piezometric water level for piezometer#1 in model 1 from the beginning of precipitation to the time of failure and also following the failure can be seen in Fig. 11 . Prior to saturation, no crack and failure was seen in the slope. After saturation, cracks emerged at the slope and the cracks lead to failure. Following failure, precipitation was stopped and piezometric water level was reduced to zero.
Numerical models
Numerical modeling was performed to provide a better understanding of the effect of the stone column location on the slope. The finite difference method was used for the numerical modeling with rectangular mesh. Global and local mesh refinements defined to certify a good quality of the mesh. After sensitive analysis, total number of meshes was 2548. For reinforced slope the number of meshes was 3552, in which stone column have 896 meshes. The elements used in this analysis were rectangular. Static boundary condition were implemented in all numerical models in which, lateral boundaries were fixed along axis x and the bottom boundary was fixed along both x and y axes.
The stone column and the soil were modeled as continuum elements. Perfect bonding was modeled between column and soil at their interface [21] because stone column is firmly interlocked with the surrounding soil. All the numerical modeling were performed using a small strain formulization.
Analysis of Model 1 using 3D FD Method
In order to assess the stability of the slope, Model 1 was also modeled using the 3D FD method.
Values of factor of safety resulted from the 3D FD method are shown in Table 1 . The results are obtained by performing stability analysis on Model 1. As seen in Table 1 , Value of safety factor (FS) for dry slope is higher than 1, which means that dry slope is stable (this is exactly like experimental model) and FS value for saturated condition is less than 1, which reflect instability of the slope.
The sand slope under study in saturated condition also experienced instability and failure following saturation. In the experimental test, no crack and failure was seen in the slope from the beginning of precipitation and prior to slope saturation. However, following saturation, the earth slope fractured and failed. Crack and failure did not occur in the slope during the precipitation and before saturation. It rather occurred a while after the slope was saturated. Therefore, in numerical models, the earth slope was assumed to be saturated and the stability analysis of the slope was carried out followed by saturation.
Second Model; slope reinforced with upslope stone column
In this model, a stone column with a diameter of 4 cm is installed in the slope upslope (at x/r=0.75) (Fig. 12) . Specifications of the stone column are shown in Table 2 .
In order to install the stone column in the slope, first a tube ( Fig. 12 ) covered in oil is placed in the slope upslope. Next, the tube is filled with compacted stone column granules. Following this stage, the tube is gradually pulled out of the slope. Similar to model 1, soil is saturated by precipitation. After one hour and forty minutes, two minor cracks and one major crack emerge in the slope surface (Fig. 13 ). The larger crack emerges in the middle of the slope at x/r=0.5. The slope experiences failure after one hour and fifty-five minutes. Moreover, positions (x/r) of cracks 1 and 3 are also measured to be 0.13 and 0.67, respectively.
Analysis of Model 2 Using 3D FD Method
Value of factor of safety (FS=0.95) obtained using the 3D FD method in the stability analysis of Model 2 is shown in Table 3 . Table 3 confirms experimental results. As seen in this table, while the stone column is installed in the slope upslope (x/r=0.75), values of factor of safety are obtained to be less than 1, which reflects instability of the slope. In experimental tests the reinforced sand slope (at x/r=0.75) also yielded to failure and experienced instability following the precipitation phase.
Third Model; slope reinforced with downstream stone column
In this model a stone column with a diameter of 4 cm situated in the downstream of slope (in position of x/r=0.25) (Fig. 15) . After placing the stone column in the downstream, the slope is saturated through precipitation. One hour and twenty minutes later, a v-shaped crack emerges in the slope (Fig. 16) .
Interestingly, the v-shaped crack in the slope is situated on x/r=0.5. Fig. 17 shows the section of the stone column (before deformation) and the crack in the slope.
Analysis of Model 3 Using the 3 FD Methods
Value of factor of safety (FS=0.94) obtained using the 3D FD method after performing the stability analysis of Model 3 are shown in Table 3 . 
Fourth Model 4; slope reinforced with intermediary stone column
In this model, the stone column placed in slope middle (Fig. 18) . No crack or failure occurred to the slope after two and a half hours of precipitation. Therefore, the slope managed to maintain its stability ( Fig. 19 ).
Analysis of Model 4 using the 3D FD Method
Factor of safety value (FS=1.06) acquired using the 3D FD method in saturated condition after performing the stability analysis of Model 4 are shown in Table 3 . Table 3 confirms experimental results. As seen in this table, value obtained for FS is bigger than 1, which specify that the slope is stable. Experimental results also confirm that the slope can preserve its stability after two and a half hours of precipitation.
Effect of length of stone column
In this part, different lengths of stone column were analyzed. Tables 4-6 show that the increase in the length of the stone column has no significant effect on the reduction of displacement because slip surface is shallow.
Slope angles
In addition, two other slope angles, 30 and 60 degrees, have been investigated. For slope angle of 30 degree, the unreinforced slope is stable in both dry and saturated state. Table 7 shows FS, maximum X and Y-displacement and maximum shear strain increment for slope angle of 30 degree. Table 8 shows maximum X and Y-displacement and maximum shear strain increment for slope angle of 60 degree.
Different values (30 and 60 degrees) were assumed for slope angle. Tables7-8 show FS, the maximum X and Z-displacement for the 30 and 60 degree slope angles. As slope angle increases, maximum X and Z-displacement increased.
Discussion
Stabilization of earth slopes using stone columns can be introduced as one of the effective and practical means of stabilization. However, it is important to choose the best place for the stone column to attain the highest FS and guarantee the stability of slopes. In experimental tests, a sand slope (Model 1) with an angle of 45 degrees and two layers of sand with different unit weight were modeled. Moreover, the unit weight of the lower layer was less than that of the upper layer.
The slope is saturated through precipitation. After one hour and twenty minutes, a deep crack emerged in the slope middle, which indicated that the slope loses its stability under precipitation.
Pore water pressure on earth slopes was measured using piezometric panel. A piezometric panel is composed of 14 piezometer pipes used to measure pore water pressure at different parts of the slope. The slope was compacted and built in the dry state. Therefore, the initial pore pressure was zero. The slope was compacted and built in the dry state to fail after saturation. If the slope is compacted and built with optimal moisture, it will not fail after saturation. Following the construction of the earth slope, artificial rain was induced and pore water pressure increased gradually. Variations of pore water pressure measured using the piezometers. Fig. 20 shows the increase in piezometric water level over time (for piezometer#1). In fact, piezometric water level increases over time until the soil is saturated and piezometric water level reaches its peak. It is worth mentioning that in all models, soil failure occurred following saturation and no crack or failure was observed before saturation. The 3D FD method also revealed instability of the slope.
Model 1 is tested without using a stone column, but the crack in the middle of the slope shows that the middle of the slope is the best place to install the stone column.
Model 2 shows a stone column installed at x/r=0.75(upslope). This model is also modeled similar to Model 1 and is exposed to precipitation as well. After one hour and forty minutes, a relatively deep crack emerged at x/r=0.5. After a while, two minor cracks also emerged at x/r=0.13 and x/r=0.67. The presence of the relatively deep crack at x/r=0.5 revealed that the slope loses its stability in spite of the stone column used to reinforce it. 3D FD method also confirmed instability of the slope in this model. The presence of the relatively deep crack in the middle of the slope in Model 2 indicates that the highest shear strain achieved in the slope middle. Depth of cracks in model 2 is less than that in model 1 which is due to the slope reinforced with upslope stone columns.
The two minor cracks emerged in Model 2 after emergence of the intermediary crack show that the middle of the slope is more critical than places x/r=0.13 and x/r=0.67.
In Model 3, the stone column is positioned at x/r=0.25 (slope downstream) and is modeled similar to models 1 and 2. It is subjected to precipitation as well. After one hour and twenty minutes, a relatively deep v-shaped crack was seen in the middle of the slope. The emergence of the crack reflected the instability of the slope reinforced by downstream stone column. 3D FD method also confirmed instability of the slope in this model. The 3D FD method results indicate that the maximum displacement occurred on top of stone column, which cracks in experimental test confirmed.
After all, results of tests performed on models 1, 2 and 3 prove instability of the slope. Models 2 and 3 indicate that it is of great importance to choose an optimal location for stone column installation, because if the stone column is not placed in an optimal location, the stability of the reinforced slope will not be guaranteed (models 2 and 3).
In all experimental models, failure followed saturation and none of the models failed during saturation. The pore water pressure was assumed to be equal to failure time slope pore water pressure in the relation for calculation of safety factor. Models 1, 2, and 3 were saturated in the experimental tests through artificial rainfall and fail following to saturation. At the beginning of the experiment, piezometric water level was zero. This value increased gradually as a result of precipitation until the soil was saturated. In the saturated state, piezometric water level in the slope was equal to the soil column height at each point. In other words, when the slope was saturated, piezometric water level remained unchanged and no increase was seen in the level of piezometric and the rest of water was drained by sand.
In Model 4, the stone column is placed at x/r=0.5 and the slope is subjected to precipitation and modeling similar to models 1, 2 and 3. The slope was under precipitation for two and a half hours but remained stable and without any crack. The finding indicates that the weakest section of the slope is used for reinforcement, because unlike the previous model, it showed no signs of fracture even after two and a half hours of precipitation. The testers revealed that if the slope is subjected to more than two and a half hours of precipitation, it will still preserves its stability.
Therefore, the most critical place is located the slope middle, which can be overcome by reinforcing the slope. The 3D FD method also confirmed stability of Model 4. The factors of safety obtained using the three-dimensional finite difference method for all models are presented in Table 3 .
The maximum displacement and shear strain occurred in all models, are presented in Table 9 .
The result indicates that when the stone column is installed in downstream, the slope will undergo fewer displacements. When the stone column is installed in the upslope the driving force increases and when the stone column installed in the downstream the resisting force increases. However, the difference between results of models 2 and 3 is insignificant and they both are unstable. If the model developed in the experimental test fails following saturation, it is concluded that the FS is less than 1. However, even if it does not fail after saturation, it is deduced that the factor of safety is more than 1. The 3D FD method was used to confirm experimental results. The confirmation carried out by determining the minimum safety factor.
That is to say, the 3D FD method calculates the minimum FS and the resulting values complied with experimental results. In other words, when the experimental model did not yield to failure, factor of safety values gained through the 3D FD method was higher than 1 and when the experimental model failed the values of factor of safety obtained through the aforementioned method was smaller than 1. However, the form of the slip surfaces of the three model were almost similar and values of factor of safety as well as the stability/instability of slopes were conforming.
The numerical models proposed by Wei and Cheng [22] , Hajiazizi and Mazaheri [23] , Cai and
Ugai [8] , and Won et al. [10] also introduced the center of the slope as the best place for attaining the highest safety factor. However, other researchers have conducted numerical and analytical studies that suggest other places for pile installation.
To clarify the important parameters such as slope angle and length of stone column, a set of 3D finite difference analyses were carried out. The 3D finite difference method was used for the numerical modeling with rectangular mesh. Global and local mesh refinements defined to certify a good quality of the mesh. After sensitive analysis, total number of meshes was 2548. For reinforced slope the number of meshes was 3552, in which stone column have 896 meshes. The elements used in this analysis were rectangular. For each number of elements, the most accurate mesh was also searched, i.e. refining the mesh in the area of interest (slope and column) and using a coarse mesh in the far field. A 3D model of the slope and the column would take a lot of time
Limitations
Scale effects can be applied to enlarge the experimental outcomes to the field situation using Table 10 , in which S is the scaling parameter [1] . Therefore, by using Table 10 , we may convert any experimental model into a real one. It should note that soil strength characteristics such as angle of internal friction, soil unit weight, and cohesion stand fixed in both real and experimental models after scaling. Hajiani Boushehrian et al. [24] studied a small-scale test box, for modeling of the behavior and ballast performance under field conditions in the presence of the reinforcement.
It is known that because of the scale effects and the nature of soils especially granular soils, soils may not play the same role in the experimental models as in the prototype [25] . These differences occur due to the differences in stress level between the field tests and the model tests [26] . Nevertheless, scale effects because of variations in the stress level will occur in earth gravity (1-g) modeling. Therefore, applying 1-g models can be useful in predicting only general trends of behavior of a particular prototype [25] . Therefore, it is suggested to perform further investigations using full-scale tests or centrifugal model tests to ascertain the obtained results.
Conclusion
Stabilization of earth slopes using stone columns can be introduced as one of the effective methods of slope stabilization. Choosing the best place for stone column is an important factor that affects stability or instability of the slopes. In order to find the optimal place to install the stone column, numerous experimental models have been created. The model has been exposed to artificial precipitation. In models where stone columns were not located in the middle of the slope cracks developed from the center of the slope and the slope yielded to failure with the continuation of precipitation. However, in the model that was reinforced with an intermediary stone column, no failure or crack was observed. Not to mention that the model was subjected to similar modeling and precipitation conditions. The tests, which were performed on two-layer sand soil, indicated that the most critical part of sand slope is its center. Therefore, reinforcing the middle of the slope guarantees slope stability. Results of the 3D FD method also confirmed experimental results. It was revealed that when the stone column is placed in the middle of the slope, the value of factor of safety exceeds 1, but when it is placed elsewhere, the factor of safety is less than 1. Numerous numerical studies by other researchers have also introduced the center of the slope as the most critical part of the slope. However, the authors of the article believe that in granular soils the highest shear strain is achieved in the middle of the slope. Therefore, any reinforcement must be performed in the middle of the slope to obtain the highest factor of safety. Table 2 . Specifications of the stone column and sand Table 3 . Factor of Safety in saturated condition for all models obtained using 3D FDM. Table 4 . Effect of different lengths for intermediate stone column Table 5 . Effect of different lengths for upslope stone column Table 6 . Effect of different lengths for downslope stone column Table 7 . Effect of slope angle of 30 degree on different locations of stone columns in saturated state Table 8 . Effect of slope angle of 60 degree on different locations of stone columns in saturated state Table 9 . Displacement in saturated condition for all models obtained using 3D FDM Table 10 . Converting any experimental model into a real with scale ratio S Figure 1 . The box used for the tests and piezometric panel 
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